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Abstract—A modified electrospinning method was introduced 
to fabricate high-performance piezoelectric membranes 
directly, where a copper sheet was fixed at the end of the needle 
and a rotating collector was used. This electrospinnig process 
provides a uniform parallel electric field with a combined 
action of strong electric field strength and high stretch ratio to 
orient  poly (vinylidene fluoride) (PVDF) molecular chain, and 
promote polymorphic change from α-phase to β-phase, which 
enhances its piezoelectric performance. PVDF samples in 
different forms were prepared and evaluated by testing their 
respective piezoelectric performance. The results show that 
maximal piezoelectric response of the untreated PVDF 
nanofiber membrane (259 mV) is much better than that of 
electric poling spin coating film (123 mV) at an excitation 
voltage of 1.2 V and frequency of 15 Hz. The piezoelectric 
performance of the untreated membrane shows linearity with 
excitation voltage and can be further enhanced by electric 
poling. 
I. INTRODUCTION 
The development of polymer sensors has received 
considerable attention for their greatly potential applications 
including but not limited to the measurements of force, 
vibration, and pressure. For its excellent piezo- and pyro-
electric properties as well as low cost, good flexibility and 
high chemical stability[1], poly (vinylidene fluoride) (PVDF) 
has been widely utilized as piezoelectric sensors for strain or 
pressure sensing[2,3], health monitoring[4] and energy 
governing[5], etc. The piezoelectric phenomenon cannot 
always exist in this polymer because PVDF often exhibits 
pronounced polymorphic crystalline form in light of its 
crystallization conditions. It can crystallize in at least three 
distinct conformations: TG+TG¯ in α and δ phases, all trans 
(TTT) planar zigzag in β phase, and T3G+T3G¯in γ and ε 
phases[6]. Among these polymorphs, β phase shows the 
most important piezoelectric activity because it has a large 
spontaneous polarization within crystalline phase of 
PVDF[7].  
However, PVDF samples prepared in a traditional way 
are usually in the form of α phase, requiring an extra post-
process of stretching and electric poling to realize phase 
transformation (α → β)[1,8,9]. At present, single-step 
fabrication of PVDF piezoelectric membranes is very 
attractive. This can be realized by electrospinning, which is 
a simple and versatile method for drawing micro- and nano-
diameter nanofibers by applying a high voltage to the 
polymer solution. During the electrospinning process, the 
elongational flow and strong electric field tend to orient the 
molecular chains and cause in-situ electric poling in the 
nanofibers at the same time[10,11]. Therefore, PVDF in 
electrospun nanofiber can be transformed from its non-polar 
α phase to the polar β phase. 
In this work, we present a simple method to fabricate 
high-performance piezoelectric membranes directly by 
introducing a modified electrospinning setup without post-
processing.  
II. EXPERIMENT 
 Electrospinning and Film Deposition 
A schematic diagram of the modified electrospinning 
apparatus is illustrated in Fig. 1, mainly including  precision 
syringe pump (11 Pico Plus, Harvard Inc, USA), high 
voltage source (DW-P403-1AC, Tianjing Dongwen High 
Voltage Power Supply Plant, China), copper plate electrode, 
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and grounded rotating collector. The polymer solution was 
held in a 2-mL syringe and a high voltage was applied to the 
needle tip. When the electric field was strong enough to 
overcome the surface tension of the droplet, a charged jet of 
polymer solution was ejected. As solvent was evaporated, 
liquid jet was stretched to many times its original length and 
formed continuous nanofibers.  
In this experiment, PVDF powder (Mw~534,000, Aldrich) 
was dissolved in N-Methyl pyrrolidone (NMP), and 
acetone was added simultaneously to adjust the 
evaporation rate of the polymer solution. We found 
that PVDF solution with a concentration ranging from 
12-18 wt% could produce fibers well when NMP-to-
acetone volume ratio (VNMP/Vacetone) was in the range 
of 2:8-8:2. Considering the possible influencing factors 
fully, we were motivated to suggest more suitable 
parameters for the electrospinning. Detailed parameters 
about the electrospinning are listed in Table. 1. The 
electrospinning was carried out at room temperature with a 
humidity of 50 RH%. As for film deposition, the solvent 
volume ratio was also kept at 6:4, but the polymer 
concentration was diluted to 6 wt%. We prepared the 
polymer films by either casting from the solution or spin-
coating onto highly polished single-crystal silicon wafers 
which were rinsed with acetone, methanol, deionized water, 












Figure 1 matic of the modified electrospinning setup. .  Sche
 Characterization 
After gold coating in a Sputter Coater (SCD 005, 
Switzerland) for 30 s, the nanofiber membrane morphology 
was examined using a scanning electron microscope (SEM, 
LEO 1530, Germany). To obtain the infrared spectra of the 
nanofiber and films, the electrospun piezoelectric membranes 
were carefully peeled from the aluminum foil at room 
temperature. All these samples were further dried for 12 h in 
the well-ventilated place to remove the residual solvents and 
measured by a Fourier Transform Infrared Spectrometer 
(FTIR, Nicolet Avatar 360, USA).  Thickness of these 
membranes and films was measured by using a profilometer. 
TABLE I.  EXPERIMENTAL PARAMETERS FOR 
ELECTROSPINNING 
Parameter Value 
PVDF mass ratio 16 wt% 
VNMP/Vacetone 6:4 
Applied voltage 6.5 kV 
Flow rate 60 μL/h 
Needle to collector distance 10 cm 
Inner diameter of needle 0.25 mm 
III. RESULTS AND DISCUSSION 
As it is the nature of the electrospinning jet to travel in a 
chaotic motion, stopping the electrospun nanofibers from 
random deposition could be very difficult. In this experiment, 
we fixed a copper sheet at the end of the needle and used a 
rotating collector to control nanofiber distribution. However, 
few aligned nanofibers were observed through SEM images. 
Nevertheless, under the parallel electric field and rotating 
disk, the nanofibers were more likely to distribute uniformly 
than those without any modification, as shown in Fig. 2. 
Further more, the rotating collector may strengthen the 
stretching ratios of the polymer jet if the evaporation rate was 
well controlled. It also should be noted that the average 
nanofiber diameter in Fig. 2(a) was much smaller than that in 






Figure 2.  SEM images of PVDF nanofibers: (a) needle with copper sheet; 
(b) needle without any modification. 
As mentioned above, PVDF can exist in at least five 
crystalline phases, of which the polar β and the non-polar α 
phases are the most common. Since different crystalline 
phases show different characteristic absorptions in IR 
spectroscopy, we can use IR spectroscopy to characterize 
them. Here, we are mainly interested in vibrational bands in 
the 1500-400 cm-1 region. Shown in Fig. 3 are the IR spectra 
of PVDF samples (the original powder, casting film, spin 
coating film and the electrospun nanofiber membrane). The 
characteristic bands were observed at 485, 531, 613, 763, 795, 
853, 975, 1150, 1209, 1384 cm-1 for α phase, as shown in 
Figs. 3 (a) and (b), and at 474, 510, 840, 1274 cm-1 for β 
phase, as shown in Figs. 3 (d) and (e)[8,9,12,13]. As can be 
seen from Fig. 3 (c), both α phase and β phase existed in spin 
coating film. By stretching under high voltage electric field 
or mechanical force, the chain axis is rotated and the dipoles 
within the crystalline phase of the polymer will be reoriented 
with the dipoles parallel to each other, resulting in a net 
dipole within the crystal. 
  






















Figure 3.  IR s f PVDF in different forms: (a) original powder; (b) 
asting film; (c) spin coating film; (d) electrospun nanofiber without electric
poling; (e) electrospun nanofiber after electric poling. 
pectra o
c  
To test piezoelectric response of the PVDF nanofiber 
membrane, the aluminum foil with the deposited nanofiber 
membrane was cut into square piece (3 cm×3 cm), and then 
another aluminum foil electrode was placed on the front side 
of the membrane. Next, the PVDF nanofiber membrane with 
two aluminum electrodes was secured between two PET thin 
films (thickness 100 µm) to increase its strength. Two ends 
of the assembled multi-layer structure were then fixed 
between two clamps, respectively. The upper and lower 
aluminum electrodes of multi-layer structure were connected 
to the probes of oscillograph to record the output signal. The 
sketch drawing of PVDF piezoelectric multi-layer structure 
and its testing platform is shown in Fig. 4. Thickness of 
PVDF casting film, PVDF spin coating film and PVDF 
nanofiber membrane was in the range of 15-25 µm. All the 












Figure 4.  Sketch drawing of PVDF piezoelectric multi-layer structure and 
its testing platform. 
Fig. 5 shows the piezoelectric response of the untreated 
PVDF nanofiber membrane under an excitation voltage and 
vibration frequency of 1.2V and 5 Hz, respectively. With the 
vibration exciter moving up and down periodically, a 
corresponding procedure of stretch and release was observed. 
The maximal output voltages in the stretch step and the 
release step were nearly 145 mV and 138 mV, respectively. 
Meanwhile, there always appeared delay time during the 
whole measurement, around 4.1 ms for the stretch activity 
and 3.5 ms for the release one. Also, a noise frequency of 
approximately 50 Hz can be observed from the output 
response, as shown in Fig. 5. Repeating the piezoelectric 
response would be very difficult, since the possible 
deformation of the multi-layer structure and outside 
interference. Therefore, the maximal output voltage and the 
delay time may vary in every single period. 
 







































Figure 5.  Piezoelectric output voltage of untreated PVDF nanofiber 
membrane under the vibration excitation. The excitation voltage and 
frequency of vibration exciter are 1.2 V and 5 Hz, respectively. 
The output response of the untreated PVDF nanofiber 
membrane was measured and plotted against the excitation 
as shown in Fig. 6. The output voltage almost increases 
linearly as excitation voltage increased. The increase in 
excitation voltage increases the deformation, causing more 
charge generated from the membrane surface, which 
improves the membrane performance. 

















Excitation voltage (V)  
Figure 6.  Output voltage as a function of excitation voltage at a vibration 
frequency of 5 Hz. 
Although IR spectra reveal the presence of β phase in the 
spin coating film (see Fig. 3(c)), poling under a high electric 
field is required to give practical levels of piezoelectric 
response. In this work, the casting film, spin coating film 
and the electrospun nanofiber membrane were poled under 
an electric field of 1.5×107 V/m for 1 h at room temperature. 
To demonstrate the piezoelectricity of the untreated 
nanofiber membrane, the piezoelectric response was 
measured in these four samples, as shown in Fig. 7. Under 
an excitation voltage of 1.2 V and vibration frequency of 15 
Hz, these samples showed some differences in piezoelectric 
response. The multi-layer with PVDF casting film did not 
exhibit any piezoelectric response (see Fig. 7 (a)). The 
maximal piezoelectric output voltages of poled PVDF spin 
coating film and the untreated PVDF nanofiber membrane 
were 123 mV and 259 mV (see Figs. 7 (b) and (c)) 
respectively. After a further electric poling, piezoelectric 
response of the PVDF nanofiber membrane was improved 
with a maximal output voltage of 298 mV (see Fig. 7 (d)). 

























































































































































































Figure 7.  Piezoelectric response of PVDF samples: (a) casting film after 
electric poling; (b) spin coating film after electric poling; (c) untreated 
electrospun nanofiber; (d) electrospun nanofiber after electric poling. The 
excitation voltage and frequency of vibration exciter are 1.2 V and 15 Hz, 
respectively 
IV. CONCLUSIONS 
High-performance piezoelectric membranes were directly 
fabricated by a modified electrospinning setup. This method 
benefits the in-situ poling and stretching of the polymer 
nanofiber, and favors crystal transformation from α-phase to 
β-phase. PVDF samples prepared in different forms were 
evaluated by testing their respective piezoelectric 
performance. The results show that under an excitation 
voltage of 1.2 V and frequency of 15 Hz, the untreated PVDF 
nanofiber membrane and the electric poling spin coating film 
allow the maximal output voltage of 259 mV and 123 mV, 
respectively. The untreated membrane showed a linear 
variation of output voltage versus excitation voltage. A 
further electric poling of the nanofiber membrane could 
improve its piezoelectric performance but not remarkably. 
Although this work provides a direct way to prepare the 
piezoelectric nanofiber membrane, further optimization of 
piezoelectric membrane structure is underway. Acute need to 
obtain a better output response should be available in future. 
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